Abstract Intraplate Iberia is a region of slow lithopsheric deformation (<1 mm/yr) with significant historical earthquake activity. Recent high-quality instrumental data have shown that small-magnitude earthquakes collapse along clusters and lineaments, which however do not bear a clear relationship to geologically mapped active structures. In this article, we investigate the controls of these earthquake clusters. In particular, we study two of the identified clusters-the Arraiolos and the Évora seismic zones (ASZ and ESZ), located in the Western Ossa Morena Zone, southwest Iberia. The ASZ marks a sharp boundary between a seismically active region to its south and a more quiet region to its north. We revise historical earthquakes in order to clarify whether earthquake activity in the region is persistent. We use data from a local network to compute accurate epicenters, focal depth, focal mechanisms, and spatiotemporal clustering, thus characterizing ongoing small-scale fracturing. Finally, we analyze complementary data sets, including tomographic models, Global Navigation Satellite Systems data, magnetic anomalies, and gravity anomalies, in order to discuss the factors that control seismogenesis in the two seismic zones. Consistency between earthquake locations, focal mechanisms and Global Navigation Satellite Systems data suggests that the ASZ is an active right-lateral shear zone, which divides two blocks within the Western Ossa Morena Zone. The ESZ seems to localize microseismicity due to its granitic lithology. These results suggest that high-resolution geophysical data have the potential to reveal blocks with different seismogenic and rheological behaviors, which may be used to improve our understanding of fault systems and the assessment of earthquake hazard in slowly deforming regions.
Introduction
The seismogenic potential of active faults and seismic source zones is a basal input to seismic hazard assessment. Its characterization relies chiefly on earthquake catalogs-both instrumental and historical (e.g., Cornell, 1968; Frankel, 1995; Vilanova & Fonseca, 2007; Wiemer et al., 2009 ), geomorphological and 10.1002/2017JB015114 paleoseismic evidence (e.g., Camelbeeck & Meghraoui, 1998; Canora et al., 2015; Meghraoui et al., 2001; Wesnousky et al., 1984) , seismotectonic domains-large structural domains that encompass regions with similar faulting styles (e.g., Lavecchia et al., 2002; Meletti et al., 2000; Phuong, 1991; Vilanova et al., 2014) and geodetic data (e.g., Camelbeeck & Meghraoui, 1998; Mazzotti & Townend, 2010; Newman et al., 1999; Prescott et al., 1981) .
In regions of fast-moving faults (i.e., faults that slip at rates >10 mm/yr), earthquake epicenters typically align over fault traces (e.g., Hauksson et al., 2012; Pesicek et al., 2010; Qiu et al., 2017) , geomorphology shows distinctly the surface traces of faults (e.g., Arrowsmith & Zielke, 2009; Chevalier et al., 2016) , paleoseismological studies allow the quantification of the amount of slip in, and timing of, past earthquakes (e.g., Goldfinger et al., 2007; Natawidjaja et al., 2006) , and geodesy data records present-day strain rates across faults (e.g., Calais et al., 2002; Kahle et al., 2000; Spinler et al., 2010) . In turn, the characterization of faults that slip at low rates is more challenging: Earthquake catalogs capture only a very brief period of the earthquake cycle, which may not be representative of the long-term processes at work. Changes to the landscape created by active faults can be very subtle and become quickly overprinted by erosion and sedimentation. Surface deformation may be too low to generate a signal discernible by recording geodetic networks. Adding to the above challenges, lithospheric deformation that occurs at low rates is often accommodated by complex fault networks that extend across broad regions (e.g., Ahorner, 1975; Brocher et al., 2017; Buforn et al., 1995; Talwani, 2016; Villasenor et al., 2001) , which tend to be more sparsely observed than regions of fast deformation. All together, these limitations result in a severe underobservation of slowly deforming regions (SDRs, i.e., regions deforming at rates <2 mm/yr).
Although high-magnitude earthquakes in SDRs are rare, low-magnitude earthquakes are often abundant and might be a valuable source of information-if correctly decoded. The seismicity observed in SDRs is often described as diffuse (Borges et al., 2001; Crone et al., 1985; Sartori et al., 1994) . However, several studies have shown that this apparently diffuse pattern is often a consequence of the poor quality of earthquake catalogs (Chiu et al., 1992; Custódio et al., 2015; Sherburn & White, 2005) . When relocated with high-quality data sets, a significant portion of epicenters collapses into well-defined seismic clusters and lineaments. The seismicity of these regions may be considered diffuse only in the sense that deformation is accommodated by complex fault networks (e.g., Bowman et al., 1990; Camelbeeck et al., 2007; Gagnepain-Beyneix et al., 1982; Terrinha et al., 2009; Tuttle et al., 2002) . Whether the seismic clusters and lineaments of low-magnitude earthquakes mark potentially active and hazardous seismic zones remains a conspicuous open question.
Western (W) Iberia, located on the southwestern (SW) tip of Europe, is a region of slow lithospheric deformation that has unleashed some of the highest-magnitude earthquakes in the European historical record (Stich et al., 2005; Stucchi et al., 2013; Vilanova & Fonseca, 2007) . Destructive events are documented both on the onshore intraplate domain and on the offshore diffuse plate boundary domain. Custódio et al. (2015) analyzed the Portuguese instrumental earthquake catalog and showed that low-magnitude earthquakes cluster along seismic belts oriented mostly NNE-SSW and WNW-ESE, both onshore and offshore. The relationship between many of these seismic belts and geologically mapped faults remained unclear. Several hypotheses can be thought of to explain the low-magnitude earthquake locations and their mismatch with respect to geologically mapped structures 1. Small earthquakes mark rheological boundaries that localize stress due to contrasts in elastic properties.
However, these boundaries do not correspond to active faults in the sense that they do not accumulate significant slip over time. 2. Small earthquakes occur inside blocks that are weaker than neighboring blocks, therefore break more easily, accommodating deformation on distributed, small, new fractures. 3. Small earthquakes mark the terminations or other geometrical or frictional heterogeneities of major active faults. 4. Geologically mapped faults are currently locked, slipping aseismically, or not currently active, thus not generating microseismicity. 5. Small earthquakes mark active faults that slip at very low rates. Therefore, they barely generate a geomorphological signature and surface deformation is below detection level.
In this article we study in detail low-magnitude earthquake clusters in central Portugal, west Iberia. In particular, we focus on the Arraiolos seismic zone (ASZ) and on the Évora seismic zone (ESZ), both located in the Western Ossa Morena zone (WOMZ). In particular, we (1) evaluate the historical seismicity of the region, (2) relocate high-quality earthquake data for 2011-2012, (3) estimate the Gutenberg-Richter b value, (4) compute focal mechanisms, and (5) evaluate the spatial and (6) temporal clustering of earthquakes. We then discuss surface deformation in the region, as imaged by satellite geodesy data, and the relationship between earthquake activity and Earth structure at depth. We finally discuss our results in terms of implications for local active tectonics and seismic hazard assessment.
Seismotectonic Framework and Geological Inheritance
The center of Iberia lies ∼400 km north of the plate boundary that separates Eurasia from Nubia ( Figure 1a) . Locally, the two plates converge obliquely at a rate of 4-5 mm/yr, with convergence oriented WNW-ESE (Nocquet, 2012 , and references therein). The convergence is mostly accommodated along a broad, ∼300 km wide seismic belt that has been classically described as a diffuse plate boundary (Buforn et al., 1995; McKenzie, 1972; Sartori et al., 1994) . Early satellite geodesy data showed that Iberia was mostly fixed with respect to stable Eurasia (Fernandes et al., 2007; Nocquet & Calais, 2004) . However, a recent analysis of improved geodetic data has suggested that Iberia rotates clockwise with respect to stable Eurasia at a low but detectable rate of 0.07 ∘ /Myr (Palano et al., 2015) .
Because the continental crust of W Iberia was not deformed by major Mesozoic or Cenozoic orogenies, Neogene rifting, volcanism or convergence, and is not crossed by major plate boundaries, it has been considered a stable continental region (Johnston, 1989; Vilanova & Fonseca, 2007) . Nevertheless, a number of destructive earthquakes have affected the region throughout time, including the 1531 M6.9 ± 0.3 Lower Tagus Valley earthquake, the 1858 M7.1 ± 0.3 Setúbal earthquake, and the M6 ± 0.2 1909 Benavente earthquake ( Figure 1a ) (Johnston, 1996a (Johnston, , 1996b Locati et al., 2014; Stich et al., 2005; Stucchi et al., 2013) . Figure 1a shows the distribution of earthquakes in W Iberia. We display the epicenters of earthquakes with M ≥ 4, divided according to observation period: The epicenters of earthquakes that occurred from 1146 to 1899 rely on macroseismic data (Stucchi et al., 2013) . These locations are likely biased by the noncompleteness of the historical record. Epicenters in the 1900-1968 period result from a mix of instrumental and macroseismic data and have variable quality (Grünthal & Wahlström, 2012 , and references therein). Epicenters from 1969 to the present rely on instrumental data and are the most accurate. Figure 1 also shows the epicenters of earthquakes of all magnitudes recorded between 1969 and 2016 (small black dots, Carrilho et al., 2004) , which collapse into clear clusters and lineaments (Custódio et al., 2015) . An M L 4.9 earthquake that occurred in 15 January 2018, during the revision of this article, is plotted with a red star. This is the highest-magnitude earthquake that occurred in the study region in the instrumental record.
Most earthquakes in NW Iberia correlate well with major mapped faults, whereas to the south the association of epicenters with mapped faults becomes less clear (Custódio et al., 2015; Veludo et al., 2017) . A sharp transition in both epicenter density and cumulative seismic moment-marked with a thick dashed line in Figure 1a -is visible around 39 ∘ N in the WOMZ (Custódio et al., 2015) . Earthquakes directly south of this boundary form two earthquake clusters ( Figure 1b ): The ASZ, where epicenters outline a narrow, 100 km long, WNW-ESE oriented seismic belt; and the ESZ, where epicenters extend along a broader region. The national earthquake catalog indicates mostly shallow focal depths (<15 km) (Figure 1b ).
W Iberia is composed of four distinct tectonic domains assembled during the Paleozoic amalgamation of Pangea, at the western end of the Variscan orogeny (e.g., Ribeiro et al., 1990) (Figure 1c ): The Galicia-Trás-os-Montes zone (GTMZ) is the northernmost domain and has a peri-Gondwanan origin (e.g., Gutiérrez Marco et al., 1990) . To its south, the Central Iberian zone (CIZ) and the Ossa Morena zone (OMZ) are thought to have belonged to the northern Gondwana margin (e.g., Gutiérrez-Alonso et al., 2008; Quesada, 1991) . Finally, the southerly South Portuguese zone (SPZ) is interpreted as part of Avalonia. Figure 1c shows that to the north and to the west, the OMZ is bounded by two major Variscan fracture zones: the Tomar-Badajoz-Cordoba (TBCSZ) and the Porto-Tomar-Ferreira do Alentejo shear zones (PTFASZ), respectively (Burg et al., 1981; Pereira et al., 2010; Ribeiro et al., 1980 Ribeiro et al., , 1990 . To the south, the Beja-Acebuches ophiolite marks the transition between the OMZ and the SPZ (Dallmeyer et al., 1993; Quesada, 1991; Ribeiro et al., 2010) . by deep crustal metamorphism and emplacement of voluminous magmatism (Giese & Bühn, 1994; Mata & Munhá, 1990; Pereira et al., 2015; Sánchez-Garcıa et al., 2003) . The IBERSEIS deep reflection profile (Carbonell et al., 2004; Simancas et al., 2003) , wide angle transects (Palomeras et al., 2009 ), petrophysical analysis (Brown et al., 2012) , and geophysical modeling (Palomeras et al., 2011) suggest that Carboniferous magmatism is responsible for the emplacement of a large amount of magma at midcrustal depths (12-14 km) in the region. Most outcropping rocks in the ASZ and ESZ are part of the Évora Massif (Fernández et al., 2017; Pereira et al., 2007) , a metamorphic dome mainly composed of gneisses, migmatites, schists, amphibolites, and minor gabbros and diorites ( Figure 1c ). This metamorphic complex is contemporaneous with the emplacement of igneous rocks, including calc-alkaline felsic and mafic magmas represented by outcropping plutons of tonalites, gabbros, diorites, granodiorites, and granites (Pereira et al., 2015) . Toward the west, the region is covered by the recent Cenozoic sediments of the Tagus and Sado river basins.
The OMZ displays a complex pattern of magnetic and gravity anomalies, which together with outcropping rocks suggest a heterogeneous crust (Figures 1d and 1e ). Most small wavelength (<10 km) and medium amplitude (∼100 nT) magnetic anomalies in the OMZ trend N125 ∘ E and are associated with gabbro-dioritic complexes (Miranda et al., 1989) . The coincidence between low gravity and low magnetic anomalies is sometimes used to identify granitic intrusions (e.g., Wang et al., 2013) . Earthquakes in the study region occur preferentially along low magnetic (−70 nT to 0 nT) and gravity anomalies (20 to 60 mGal), suggesting a lithological control of igneous and metamorphic blocks on the localization of earthquakes (Figures 1d and 1e ).
Mapped neotectonic faults (<2.6 Ma, Cabral, 1995 Cabral, , 2012 in the WOMZ include the Lower Tagus Valley, Ponte de Sôr, Serra da Ossa, Ciborro, Messejana, Vidigueira-Moura, Torrão and Grândola faults, and the Santa Susana shear zone (Figure 1b) . Of all these faults, only the Lower Tagus Valley and Vidigueira-Moura faults have been convincingly documented as potentially active (Basili et al., 2013; Canora et al., 2015; da Silveira et al., 2009 ). The Messejana fault (also known as Alentejo-Plasencia or Odemira-Ávila) is a major tectonic structure of Iberia, whose geomorphology suggests left-lateral strike-slip motion (e.g., Villamor et al., 2012) . It is still debated whether the fault is currently active, and if so, along which segments (Basili et al., 2013; Villamor et al., 2012) . Interestingly, in our study region, the Messejana fault seems to separate a region of lower seismic activity, to its SE, from a region of higher seismic activity, to its NW. The latter encompasses the ASZ and the ESZ (Figure 1b ).
Detailed geological mapping of the WOMZ (e.g., Carvalhosa, 1999; Zbyszewski et al., 1979 Zbyszewski et al., , 1980 shows the existence of several contact faults between different lithologies. In particular, the Ciborro fault marks the contact between granites and sedimentary rocks of the Tagus basin (Zbyszewski et al., 1979 (Zbyszewski et al., , 1980 and has been associated with alignments of earthquakes with the same direction Pereira et al., 2014; Veludo et al., 2017) . Many other contact faults exist in the region, both at the boundary between plutons and host rock and inside plutons. Lima et al. (2012) suggested that some of the plutons emplaced in the WOMZ grew by injection of multiple magma batches with distinct compositions, with contact faults bordering geologic units originated in distinct magma pulses.
In spite of the many structures mapped in the region, a clear relationship between the ASZ or the ESZ and the surface traces of mapped neotectonic faults, potentially active faults, or contact faults does not exist ( Figure 1b ).
Active Seismicity of the Western Ossa Morena Zone

Historical and Early Instrumental Earthquake Catalog
We reviewed the locations of earthquakes that occurred inside the study region in the historical (1568-1899) and early instrumental periods ( Figure 2 ). We started by considering events reported in several regional catalogs: Choffat and Bensaúde (1912) , Pereira de Sousa (1914) , Oliveira (1986) , Martínez Solares and Mezcua (2002) , Grünthal and Wahlström (2012) , and Stucchi et al. (2013) . We further considered the macroseismic intensity database of Portugal (Batlló et al., 2012) . We revised the historical seismicity as follows: (i) Merging of catalogs. We merged all catalogs, assigning to each reported solution a different ID.
(ii) Identification and removal of fake events. We removed fake events by cross-checking existing catalogs with the macroseismic intensity database of Portugal. When possible, we consulted additional historical documents. (iii) Identification and merging of duplicate events. We identified solutions concerning the same events and merged them into one same ID. (iv) Relocation of historical events. When enough intensity data points were available, we relocated the earthquakes. We used the macroseismic location algorithm BOXER (Gasperini et al., 1999) and the attenuation law proposed by Gomez-Capera et al. (2015) for stable continental regions. (v) Removal of events located inside the study region but with epicenter at its edges. Such events include the M7.1 1858 Setúbal earthquake, the M6 1909 Benavente earthquake, and their numerous aftershocks ( Figure 1a ), which are clearly unrelated to the seismic zones studied in this work. (vi) Assessment of epicenter quality. We assessed the quality of earthquake locations by taking into account the number of available intensity data points. Text S1 in the supporting information describes in detail how the quality scores were attributed. Table S1 , available as supporting information, shows the revised earthquake catalog, with epicenters classified from A (high quality) to D (poor quality). When available, we keep the magnitude reported in the original catalogs, which is based on empirical relationships between magnitude and maximum observed intensity-I max (original relationships are reported in the catalogs' description).
Earthquakes that occurred before 1900 are poorly documented; therefore, their epicenters are poorly constrained. The most poorly documented earthquake in the study region occurred on 27 November 1791. Two locations are reported for this event: one in Beja (Oliveira, 1986 ) and the other offshore SW Portugal (Martínez Solares & Mezcua, 2002) . De la Torre (1997) discusses the available data and the inferred locations, showing arguments in favor and against both solutions. The low population density in the region and its uneven distribution makes the location of moderate-magnitude events problematic. According to our revision procedure, we assigned a quality D to the location of this event.
The three earthquakes that were relocated in the current study were assigned quality A. They were located based on 8-63 intensity data points, and epicentral errors range between 13 and 38 km.
The revision of the historical catalog shows that earthquakes of moderate magnitude (M < 5.5) have occurred throughout the historical period in the study region. However, the limited data quality does not permit assigning earthquakes to specific locations (e.g., ASZ, ESZ, particular faults, or specific structures).
High-Resolution Instrumental Earthquake Catalog
A local broadband array was deployed in the WOMZ for 16 months, between June 2011 and September 2012, in the scope of the Deep Ocean Test ARray (DOCTAR) experiment ( Figure 3a) . In order to improve data coverage (Cabral, 2012) . Dashed contours mark the Arraiolos Seismic Zone (ASZ) and the Évora Seismic Zone (ESZ). Gray beachballs display regional focal mechanism solutions . Green beachballs are events whose focal mechanisms were calculated in this study and are numbered according to the event ID (see Table 1 ). The purple focal mechanism is that of the recent M L 4.9, 15 January 2018 earthquake (IPMA, 2018) . Beachballs are scaled according to M w . In order to facilitate the visualization, green beach balls are scaled to 120% of its M w . (b) Fit between observed (black) and synthetic (red) displacement waveforms for event number 5. Note that the signal that is modeled is composed essentially of S waves. We used stations in the epicentral distance range of 2-13 km (blue numbers). The EW component of L005 station was removed from inversion due to instrumental disturbances. The global variance reduction for this inversion is 0.53.
at the edges of the study area, we complemented the data set with data recorded by nearby permanent and temporary stations. We continuously scanned waveforms, searching for very low amplitude signals coherent across the network López-Comino, Cesca, Kriegerowski et al., 2017; Matos et al., 2016) . Preliminary locations were then computed using LOKI, a waveform-based earthquake locator (Grigoli et al., 2013 (Grigoli et al., , 2014 .
The DOCTAR array data have an excellent signal-to-noise ratio. Seismograms of local earthquakes show clear high-frequency P and S waves. The high signal-to-noise ratio is likely a consequence of wave propagation in an area of low seismic attenuation (Q 0 > 275) (Noriega et al., 2015) . Figure S2b , available as supporting information, shows vertical ground motion recorded during a M w 2.0 earthquake, located in the center We used the nonlinear probabilistic formulation for earthquake location implemented in the NonLinLoc software to obtain a high-resolution earthquake catalog (Lomax et al., 2000) . NonLinLoc allows the use of both one-dimensional (1-D) and three-dimensional (3-D) velocity models and yields an uncertainty estimation of the hypocentral parameters, expressed as a probability density function (PDF) on the model space. We adopted the Oct-Tree 3-D global search algorithm (Lomax & Curtis, 2001 ) in order to search for the optimal hypocentral parameters. Hypocenter locations reported in this article are the most likely value of the hypocenter, that is, the PDF maximum value.
We located earthquakes using two different velocity models: The IGN1D model (Custódio et al., 2015) and the 3-D Preliminary Reference Iberia Seismic Model (PRISM3D) (Arroucau et al., 2017) . The IGN1D model is operationally used by Instituto Português do Mar e da Atmosfera (IPMA) to locate earthquakes in mainland Portugal (Custódio et al., 2015) . The model assumes a layered V P structure and a constant ratio between P wave and S wave velocities (V P ∕V S ). The Wadati diagram based on the DOCTAR catalog indicates that V P ∕V S = 1.69. Based on receiver function analysis, Dündar et al. (2016) found an average V P ∕V S ratio of 1.70 for stations in the WOMZ. The good agreement between the two results indicates a crust mainly composed of quartz-rich rocks (Lowry & Pérez-Gussinyé, 2011) , in agreement with outcropping granitic rocks.
PRISM3D is a three-dimensional P and S wave model for Iberia and north Africa based on several previously published geophysical models (Arroucau et al., 2017) . In particular, the lithospheric structure of western Iberia in PRISM3D is a weighted average of the tomographic models of Monna et al. (2013) , Bezada et al. (2014) , Chevrot, Villaseñor et al. (2014) , Silveira et al. (2016) , Palomeras et al. (2017) , and Veludo et al. (2017) . The Moho geometry is inferred from receiver functions Chevrot, Villaseñor et al., 2014; Dündar et al., 2016; Mancilla & Diaz, 2015; Salah et al., 2011) and seismic active source studies (Afilhado et al., 2008; Díaz & Gallart, 2009; Martínez-Loriente et al., 2014; Sallarès et al., 2013) . Both the 1-D and 3-D velocity models are shown in Figure S1 .
We located all earthquakes for which we had both a P and an S wave arrival time at a minimum of three stations. Figure S2a , available as supporting information, compares the epicentral locations obtained with the two velocity models. As expected, the epicenters of earthquakes inside the network do not depend strongly on velocity model. The epicenters of earthquakes on the edges of the network show differences of up to ∼10 km, with the PRISM3D model pulling the epicenters toward the center of the network. Within the ASZ, a region that is very well covered by the DOCTAR array, the distance between the two solutions is minimum. We follow the approach of Husen and Smith (2004) to assess the quality of the hypocenters and conclude that those obtained with the 3-D velocity model are more robust. Therefore, we adopt them as our final earthquake locations. Finally, we classified the hypocenter locations obtained with PRISM3D in three quality classes (from A = excellent to C = poor) (details on the procedure can be found on Text S2).
Several mines and quarries operate in our study region, generating seismic signals that can easily be mistaken for earthquakes. We investigated the locations of shallow events (<1 km) using satellite imagery and discarded events within ∼500 m of evident quarries. A persistent cluster of shallow earthquakes near Vendas Novas may be associated to human activity (Figure 3a) . However, time-of-day analysis and visual inspection of waveforms did not allow a clear conclusion concerning the origin of these events. Thus, we did not remove them from the catalog. Our final catalog comprises a total of 531 earthquakes.
Focal depth distribution is an important indicator of lithospheric strength (Albaric et al., 2009; Maggi et al., 2000; Watts & Burov, 2003) . Nevertheless, earthquake depth is the most difficult hypocentral parameter to constrain (e.g., Bormann et al., 2013; Gomberg et al., 1990) . Precise focal depths can be determined when phases with a large takeoff angle, that is, phases recorded at small epicentral distances are used. Most earthquakes within the ASZ were recorded by at least one nearby station, thus providing an unprecedented control on focal depths in this region. section of the ASZ are not as clearly clustered; however, they might follow the Divor river tributary streams. Earthquakes in the ESZ occur at a wide range of depths and their epicenters do not cluster tightly. The ESZ seems to be delimited by major fault systems, including the Messejana fault, Torrão fault, and the Santa Susana shear zone. These locations confirm the spatial overlap between earthquake epicenters in the WOMZ and the Évora massif (Figure 1c) . In spite of the excellent network coverage during the DOCTAR experiment, almost no earthquakes were detected north of the ASZ. This confirms that the ASZ is a sharp boundary between a seismically active region to its south and a seismically silent region to its north, a feature that seems to persist also in the historical period (Figure 1a) .
The b value of the Gutenberg-Richter law assesses the proportion of low-magnitude to high-magnitude earthquakes. Regions where earthquakes result from tectonic stresses typically display b ≈ 1 values (El-Isa & Eaton, 2014; Kagan, 1999; Okal & Sweet, 2007) . High b values typically result from faulting associated with pore pressure changes (e.g., Bachmann et al., 2012) and tend to occur near active magma chambers (Wiemer & McNutt, 1997) , subduction zones (Wiemer & Benoit, 1996) , and induced seismicity sites (Bachmann et al., 2012) . We estimated the b value for the WOMZ using the b value stability method, as implemented in the SEDA toolbox (Lombardi, 2017; Woessner & Wiemer, 2005) . We found a value close to 1.0, suggesting a tectonic origin for earthquakes in the region (see Text S3).
Focal Mechanisms
We computed focal mechanisms for earthquakes in the WOMZ by full waveform moment tensor inversion, taking advantage of the high-quality local seismic data. We selected for inversion all earthquakes with M L > 1.5 and a few other lower-magnitude events advantageously located in the center of the network. We modeled waveforms between frequencies of at least 1 Hz and at most 2.6 Hz. Although moment tensor inversions can be successfully constrained by data recorded at a single three-component station, when the velocity model is accurate enough (Dreger & Helmberger, 1993; Fan & Wallace, 1991; Zahradník & Custódio, 2012) , we used a minimum of two stations with azimuths differing by at least 90 ∘ .
We used the ISOLA software to compute moment tensor inversion (Sokos & Zahradnik, 2008) . ISOLA calculates the moment tensor by minimizing the differences between observed and synthetic waveforms in a least squares sense, while centroid depth and origin time are grid searched. Green's functions were calculated with the discrete wave number method of Bouchon (1981) , using as input the IGN1D velocity model ( Figure S1a , available as supporting information). Centroid depth was first grid searched in steps of 1 km in a range of 5 km around the hypocenter depth and then refined in an interval of 4 km around the previously inferred depth in steps of 0.2 km. Figure 3b shows the waveform fit of a M w 1.9 earthquake in Aldeia da Serra (2 September 2011). The S wave pulse is the most prominent signal in the modeled 1-2 Hz frequency range. The use of near-source data may easily bias the inversion if the initial catalog location is not accurate enough or if waveforms contain instrumental artifacts, such as electronic noise or long-period disturbances (Zahradník & Plešinger, 2010) . Therefore, we carefully checked all waveforms and removed those displaying such effects. In particular, in this example, the EW component of station L005 was discarded due to a long-period instrumental disturbance. In general, we observed clear and simple waveforms at frequencies up to ∼2.5 Hz at stations located at <30 km from the epicenter. Figure 3a and Table 1 summarize the results obtained for the nine earthquakes successfully modeled. Most are located within the DOCTAR network. They have moment magnitudes M w between 1.3 and 2.4 and centroid depths between 10.9 km and 26 km. In order to investigate the robustness of the solutions, we assessed the double-couple percentage (%DC), condition number (CN), variance reduction (VR) normalized by the number of used stations, and focal mechanism variability (FMVar) (Sokos & Zahradník, 2013) . Details on the assessment of focal mechanisms quality are provided in Text S4. We further verified the polarity agreement (PA), that is, the agreement between observed P wave polarities and the focal mechanism inferred from moment tensor inversion. P wave polarities were observed at 5-15 stations, and the vast majority matched the focal mechanisms inferred from moment tensor inversion, confirming their robustness.
Our results show that small-scale brittle failure in the ASZ occurs generally by strike-slip faulting, with the two possible fault planes oriented WNW-ESE and SSW-NNE, in agreement with focal mechanisms previously reported for M ≥ 3.5 earthquakes in the region , and references therein) (Figure 3 ). However, the present inversion of low-magnitude earthquakes additionally shows localized reverse faulting near Aldeia da Serra, a village located on a prominent topography high.
Earthquake Clustering
We now analyze the similarity of waveforms recorded at the DOCTAR array. Similar waveforms are generated by earthquakes nucleated in close-by or overlapping hypocenters, with identical focal mechanisms and whose waves travel through an invariant medium (Poupinet et al., 1984) . Earthquakes in these conditions-sometimes called repeaters-have been interpreted as resulting from the cyclic loading and rupturing of persistent asperities (Geller & Mueller, 1980) . Waveform similarity is also useful to characterize families of earthquakes with identical faulting mechanisms and, in some cases, can facilitate the association of earthquake clusters to mapped fault segments (e.g., Maurer & Deichmann, 1995; Wetzler et al., 2014) .
In order to evaluate waveform similarity, we computed the cross correlations of P and S waveforms. We used events in our DOCTAR catalog with location qualities A and B, and filtered waveforms in the passband 5-20 Hz. The similarity of P waveforms was evaluated using vertical velocity records and that of S waveforms using the two horizontal velocity records. We computed the cross-correlation coefficient (CC c ) between waveforms in windows starting 0.5 s before, and ending 1 s after, the onset of P and S waves.
In order to find clusters of identical earthquakes, we used an agglomerative hierarchical clustering algorithm (e.g., Cormack, 1971) . We defined clusters of earthquakes as satisfying the following conditions: Two events are similar if their CC c is greater than a given threshold at least at two stations. This condition must be verified by at least one pair of P and S waves. A cluster must comprise at least three similar earthquakes.
Because our data set displays little or no site effects, we used a fixed CC c threshold for all stations. We adopted thresholds of CC c > 0.85 and 0.77 for P and S waveforms, respectively. Details on the definition of the thresholds are provided in Text S5. We identified 66 similar earthquakes divided into three clusters (Figure 4a geomorphological feature (dashed black line in Figure 4a ) suggests the existence of a thrust fault associated to a fault bend. The only focal mechanism available for cluster 3 (yellow) also indicates reverse motion, but now with possible fault planes striking NW-SE.
We investigated the spatiotemporal clustering of earthquakes in WOMZ using both the Portuguese instrumental catalog and the DOCTAR catalog. We selected the last 16 years of earthquakes-the period in which the catalog is more complete. We identified two seismic sequences with no clear mainshock. These sequences follow the empirical criteria proposed by Mogi (1963) to define a seismic swarm: (i) they comprise more than 10 events, and (ii) the maximum daily number of events in the sequence is greater than twice the square root of the swarm duration in days. Figure 5 shows the spatiotemporal distribution of events during this period. The ASZ produced two seismic swarms in the Aldeia da Serra area ( Figure 5 ). These swarms consist of 14 to 44 events, with magnitudes between 0.6 and 2.0 (M c = 1.3), located at depths between 0 and 11 km.
Seismic swarms have been attributed to the following: (i) Heterogeneities in the source volume and consequently in the stress distribution (Mogi, 1963; Morales et al., 2015) , (ii) decrease in fault strength due to fluid flow and pore pressure fluctuations (Kato et al., 2010; Špičák & Horálek, 2001; Wicks et al., 2006) , (iii) aseismic slip that generates microseismicity through the loading of neighboring areas of a fault zone (Lohman & McGuire, 2007; Peng & Gomberg, 2010; Takada & Furuya, 2010) , and (iv) a combination of the last two (Vidale & Shearer, 2006) .
The role of fluids in earthquake swarm generation has been investigated through monitoring of piezometric levels in aquifers (e.g., Esposito et al., 2001 ) and modeling of pore fluid pressure changes at depth in response to precipitation (e.g., Hainzl et al., 2006) and circulation of magmatic-derived fluids (e.g., Parotidis et al., 2003) . Most of the earthquakes in these swarms occur at crustal depths of 10-25 km. Therefore, we rule out the hypothesis of triggering by extreme hydrological events. Heat flow measurements in the WOMZ are scarce (Fernàndez et al., 1998) . The few available data points have values smaller than 0.064 W m −2 , within the average global heat flow measurements for continental crust (e.g., Pollack et al., 1993) , excluding a possible control by fluids from a magmatic source. There are also no hot springs in the area, nor springs rich in CO 2 (Lourenço, 1998) , as observed in other intraplate regions with high swarm activity (e.g., the western Bohemian Massif, Geissler et al., 2005; Špičák & Horálek, 2001 ). Thus, fluids do not seem to be a likely control of swarm activity in the WOMZ. (Palano et al., 2015) and S wave velocity perturbations . (a) Global Navigation Satellite System velocities are divided into three groups: north of the Arraiolos seismic zone (ASZ) (red), south of the ASZ (blue), and others (gray). The top inset shows blue and red velocity vectors, evidencing the difference in direction and amplitude between ground velocities north and south of the ASZ. (Miranda et al., 1989) and gravity (Sandwell et al., 2014) anomalies along the selected cross sections are shown in red and blue, respectively.
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Aseismic slip has been observed on large-scale mature faults, such as megathrust faults in subduction zones (Heki et al., 1997; Perfettini et al., 2010) and continental transform faults (Ozener et al., 2013; Rosen et al., 1998) . Aseismic slip in slowly deforming regions is not documented. This lack of observations does not necessarily imply that aseismic slip does not occur in slowly deforming regions. Likely, the current observational capacity is not able to image such events.
Numerous studies have shown that earthquakes tend to cluster around step overs and other fault irregularities (e.g., Morales et al., 2015; Segall & Pollard, 1980; van Eck & Hofstetter, 1990) . Duan and Oglesby (2006) simulated the dynamics of segmented strike-slip fault systems over several earthquake cycles. They demonstrated that heterogeneous stress distributions develop around the step over, a result that persists at different scales.
A heterogeneous stress distribution produced by slip on a main fault system with a step over or the loading of neighboring areas of a fault zone due the aseismic slip in a main fault system are possible explanations for the Aldeia da Serra swarms compatible with current observations. Figure 6a shows surface velocities in a fixed Eurasian reference frame inferred from Global Navigation Satellite System (GNSS) (Palano et al., 2015) . We divided the observations to the north of the ASZ (red) from those to its south (blue). Gray arrows show surface velocities in the Lusitanian basin and those sites with motion markedly different from nearby stations. Figure 6a shows that north of the ASZ surface velocity is mostly directed northward and has a lower amplitude. In comparison, south of the ASZ, velocities have higher amplitudes and are directed NW. Neres et al. (2016) recently analyzed an extended GNSS data set for Iberia, which shows that strain in the ASZ is dominated by right-lateral shear oriented approximately EW and marking a transition from local extension to its north to local compression to its south. These data are in good agreement with most focal mechanisms in the WOMZ, indicating a dominantly strike-slip regime, in which right-lateral motion occurs on fault planes oriented WNW-ESE. This orientation coincides with the direction of the ASZ belt.
Complementary Geophysical Observations
Ambient noise tomography and the relocated DOCTAR catalog show that the ASZ has a slow uppermost crust (5-10 km) with very few earthquakes (Figure 6c ). Most earthquakes occur at middle to lower crust depths (10-25 km), within a high-velocity anomaly. At a depth of 25 km, the ASZ marks a sharp transition between this high-velocity body and a slower region to its NE (Figure 6b ). The separation of the OMZ into two domains, with a sharp seismic velocity contrast at depth along the ASZ, agrees with earlier active seismic source observations (Matias, 1996) . In addition to being marked by seismicity, this limit is also marked by gentle negative gravity and magnetic anomalies (Figure 6c ). The ESZ is also characterized by high seismic velocities, now extending from the upper crust down to a depth of 35 km. The fast velocity material again coincides with negative magnetic and gravity anomalies, likely associated with the Évora massif (Figure 1c ). Palano et al. (2015) suggested that Iberia is undergoing rigid-body clockwise rotation. Destructive historical earthquakes and clustering of instrumental earthquakes suggest that this rotation is accompanied by internal deformation of Iberia, accommodated along discrete shear zones. Future analysis of GNSS data in intraplate Iberia should aim at clarifying the relative contributions of rigid-body rotation and internal deformation. In this article we characterized the seismic activity of the WOMZ, one of the regions in intraplate Iberia where deformation localizes. Next, we discuss the characteristics of active deformation in the WOMZ and implications for seismic hazard assessment.
Discussion and Conclusions
Active Deformation in the WOMZ
Both historical and high-quality instrumental seismic data show a boundary in earthquake activity within the WOMZ, which separates a region of higher earthquake rate to its south from a region of lower earthquake rate to its north. The boundary is sharply marked by the ASZ, a narrow seismic belt oriented WNW-ESE. In the ESZ, located south of the ASZ, earthquakes are distributed across a broader region and do not cluster as tightly as in the ASZ. The DOCTAR high-resolution catalog shows that earthquakes in these active regions occur mostly at depths of 12-20 km. The observed b value of 1.0 suggests a tectonic control for these earthquakes, rather than a fluid-related control. Focal mechanisms indicate a general strike-slip regime in the region, with possible fault planes oriented WNW-ESE and SSW-NNE, where the former coincides with the direction of the ASZ lineation. GNSS shear strain rates indicate a localized dextral strike-slip regime along the ASZ, (Heidbach et al., 2016). in agreement with focal mechanisms. Localized reverse faulting is observed in the tight earthquake clusters near Aldeia da Serra, suggesting local compression, in agreement with the observed topographic high. Swarm activity in Aldeia da Serra, together with compressive faulting in a generally strike-slip environment, suggests a local step over that causes stress heterogeneity.
In light of these results, we propose that the ASZ and ESZ are regions of slow but active deformation, with the following characteristics and controls:
1. Kinematics of the ASZ. The ASZ marks a right-lateral strike-slip shear zone, with a small compressive left step over in Aldeia da Serra, which causes the local high density of earthquakes. This hypothesis is supported by strike-slip focal mechanisms along the ASZ, similarity between orientation of the epicenters lineation and one of the nodal planes of the focal mechanisms (WNW-ESE), and geodetic surface velocities. A possible geometry for the ASZ, encompassing three segments, is shown in Figure 7 . Segment 1 is marked by lowto moderate-magnitude seismic activity, particularly intense at upper-to middle-crustal depths (0-15 km). Segment 2 would be the right-hand continuation of the compressive step over. It shows little seismicity, which could mean that this segment is inactive, currently locked, or not yet fully developed. Segment 3 produces abundant lower crustal earthquakes (>15 km). All three segments have similar azimuths of ∼N65 ∘ W, favorably oriented with respect to the regional maximum horizontal compressive stress SH max ∼ N30 ∘ W (Heidbach et al., 2016) . Alternatively, the ASZ can be composed of a set of WNW-ESE to W-E en echelon smaller faults. Detailed geomorphological studies of the region should contribute to clarify the surface deformation. 2. The ASZ marks the separation between two crustal blocks in the WOMZ. The ASZ seems to mark a boundary between two crustal blocks within the OMZ. This hypothesis is supported by active seismic source experiments, which suggest the existence of two distinct zones within the Ossa Morena Zone (Matias, 1996) and by the sharp transition between negative and positive tomographic anomalies at depths of 5 to 25 km . These observations suggest that the fast southernmost block is composed of strong material, with a brittle behavior down to larger depths. Molnar and Dayem (2010) suggested that large intracontinental strike-slip faults tend to form adjacent to sharp discontinuities in lithospheric strength, which could be an interesting hypothesis to test at the scale of smaller crustal blocks. 3. Lithological control of seismic activity in the ESZ. Earthquakes in the ESZ have a good spatial correlation with the Évora massif (Figure 1c) , suggesting that the massif is currently localizing deformation. Earthquakes occur preferentially along negative magnetic and gravity anomalies (Figures 1d and 1e) , likely associated to plutons of granitoids. Contrasts in the elastic properties between different lithologies will favor the accumulation of stress in the borders between blocks, localizing tectonic stresses where favorably oriented preexisting structures exist. Stevenson et al. (2006) investigated the concentration of stress around plutons in South Carolina. Using a numerical approach, they imposed ambient tectonic stresses on granitic plutons embedded in a more rigid and dense gneissic rock and observed that the plutons tended to develop high shear stress in their periphery, where earthquakes tended to occur. The Évora massif is characterized by several contact faults, mostly oriented WNW-ENE, which mark the limits between plutons and host rock and between different rocks resulting from magma differentiation inside plutons. The small-magnitude earthquakes of the ESZ may occur along these contacts. Whether the ESZ is capable of producing hazardous earthquakes remains an open question. It is intriguing to note that several geologically mapped faults surround the Évora massif, which may indicate that the massif is a strong block that acts as a barrier to fault propagation. 4. A possible mantle control? The striking difference in the rate of seismic activity north and south of the ASZ could have a rheological origin. The region south of the ASZ is faster, suggesting more competent material, eventually with higher ability to store elastic energy and release it through fracture in earthquakes. Alternatively, the existence of this boundary may be related to mantle processes, rather than crustal. Mantle anisotropy in Iberia reveals a slightly different mantle flow direction beneath the WOMZ, which may be associated with vertical mantle flow due to small-scale convection cells (Díaz et al., 2015) . Vertical mantle flow could be responsible for thermal weakening of the lower crust and consequently with the concentration of stress at middle to upper crustal depths (Liu & Zoback, 1997) . Current heat flow measurements in the WOMZ are on the high end of the average global heat flow measurements for continental crust. Dedicated heat flow measurements should contribute to elucidate the thermal structure beneath the WOMZ. Calais et al. (2016) argued that the stable continental crust is in a pervasive state of near-critical stress and that in these conditions earthquakes may be better explained by transient perturbations to the local stress or fault strength rather than by near-steady state stress buildup. In this framework, earthquakes may occur in regions where no surface deformation is observed and where no seismicity has previously been observed. Thus, classical earthquake hazard assessment strategies may be inadequate for SDRs Craig et al., 2016; Schweig et al., 2003; Stein & Liu, 2009; Stein & Mazzotti, 2007; Stein et al., 2017) . It remains unclear how earthquake processes should be monitored and how seismic hazard should be assessed in these regions.
Implications for Seismic Hazard Assessment
Previous studies of W Iberia-a region where intraplate deformation occurs at rates <1 mm/yr (Fernandes et al., 2007; Palano et al., 2015) -had shown that approximately half of all earthquakes localize along clusters and lineaments, as imaged by the high-quality recent instrumental record (1996-present) (Custódio et al., 2015) . In this work, we carried out a detailed analysis of historical seismic data, local instrumental seismic data, and geodetic data, which indicate the existence of an active shear zone along the ASZ. These results suggest that, even though earthquake cycle and recurrence concepts may not be adequate to address seismic hazard in SDRs, high-quality monitoring may be useful to identify blocks with different rheological behaviors and regions of stress localization.
The accurate characterization of seismogenic source zones and the estimation of the potential magnitudes of forthcoming large earthquakes are key questions in seismic hazard assessment. Studies like the present one may be useful in the following ways:
1. Characterization of seismic source zones. Seismogenic source zones (SSZ) are used in probabilistic seismic hazard assessment to account for the hazard posed by earthquakes not associated with known tectonic features. Inside a given SSZ, the maximum moment magnitude, seismogenic depth, style of faulting, rupture orientation, and seismic rate are considered uniform. The design of SSZ relies on the similarity of patterns within a region, considering earthquake catalogs, geological, and geophysical data (Reiter, 1991; Vilanova et al., 2014) . In this context, high-resolution geophysical techniques may be used to map lateral variations in seismogenic behavior and in rheological properties, such as the two blocks identified within the OMZ. In favorable cases, detailed microseismic studies may also allow the mapping of active shear zones. 2. Seismogenic depth. The thickness of the seismogenic zone is commonly used as a proxy for the width of fault rupture (e.g., Sibson, 1982) . High-quality seismic catalogs allow the mapping of the spatial variations of seismogenic depth. In addition, seismogenic depth is a key parameter when linking crustal to mantle processes. 3. Mapping fault networks. The ever increasing density of seismic instrumentation will likely reveal regions where small-magnitude earthquakes cluster. Detailed studies of these clusters will clarify whether they mark hidden active faults, blocks of weaker material, or geometrical heterogeneities in fault systems.
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